Recently, we reported that induction of the co-chaperone Bcl-2-associated athanogene 3 (BAG3) is critical for recovery of rhabdomyosarcoma (RMS) cells after proteotoxic stress upon inhibition of the two constitutive protein degradation pathways, that is, the ubiquitin-proteasome system by Bortezomib and the aggresome-autophagy system by histone deacetylase 6 (HDAC6) inhibitor ST80. In the present study, we investigated the molecular mechanisms mediating BAG3 induction under these conditions. Here, we identify nuclear factor-kappa B (NF-κB)-inducing kinase (NIK) as a key mediator of ST80/Bortezomib-stimulated NF-κB activation and transcriptional upregulation of BAG3. ST80/Bortezomib cotreatment upregulates mRNA and protein expression of NIK, which is accompanied by an initial increase in histone H3 acetylation. Importantly, NIK silencing by siRNA abolishes NF-κB activation and BAG3 induction by ST80/Bortezomib. Furthermore, ST80/Bortezomib cotreatment stimulates NF-κB transcriptional activity and upregulates NF-κB target genes. Genetic inhibition of NF-κB by overexpression of dominantnegative IκBα superrepressor (IκBα-SR) or by knockdown of p65 blocks the ST80/Bortezomib-stimulated upregulation of BAG3 mRNA and protein expression. Interestingly, inhibition of lysosomal activity by Bafilomycin A1 inhibits ST80/Bortezomibstimulated IκBα degradation, NF-κB activation and BAG3 upregulation, indicating that IκBα is degraded via the lysosome in the presence of Bortezomib. Thus, by demonstrating a critical role of NIK in mediating NF-κB activation and BAG3 induction upon ST80/Bortezomib cotreatment, our study provides novel insights into mechanisms of resistance to proteotoxic stress in RMS.
Regulation of protein quality control (PQC) is critical to prevent proteotoxicity caused by accumulation of misfolded or insoluble proteins. 1 In mammalian cells there are both constitutive and inducible PQC systems. Under basal conditions, PQC is maintained by the ubiquitin-proteasome system (UPS) and the aggresome-autophagy system. The latter involves the cytoplasmic histone deacetylase 6 (HDAC6) that promotes dynein-dependent retrograde transport of protein aggregates along microtubules to form aggresomes and mediates autophagosome-lysosome fusion. 2 When constitutive PQC mechanisms are impaired, Bcl-2-associated athanogene 3 (BAG3)-dependent selective autophagy can be engaged as an inducible compensatory mechanism to avoid proteotoxicity. 3 BAG3 is a co-chaperone that promotes the recognition of misfolded proteins, their transport to the microtubule-organizing center to form aggresomes and their removal via selective autophagy. 3 Nuclear factor-kappa B (NF-κB) is a key transcription factor of the cellular stress response in cancer. 4 Two main NF-κB pathways have been described, that is, the canonical and the non-canonical NF-κB signaling pathways. 5 The canonical NF-κB pathway is activated by various cytokines, for example, tumor necrosis factor (TNF)α, which, upon its binding to the TNF receptor (TNFR), stimulates the phosphorylation and activation of IKKβ within the IκB kinase (IKK) complex. IKKβ in turn phosphorylates IκBα, thereby prompting its ubiquitination and subsequent degradation via the proteasome. This releases the NF-κB proteins p65 (RelA) and p50 to translocate into the nucleus where they transactivate NF-κB target genes.
In the non-canonical NF-κB pathway, NF-κB-inducing kinase (NIK) is constitutively degraded under resting conditions via a multiprotein complex containing cellular inhibitor of apoptosis (cIAP)1/2 and TNF receptor-associated factor (TRAF)2/3. 6 Ligation of TNFR family members such as CD40 causes the ubiquitination and subsequent degradation of cIAP proteins, which in turn terminates this constitutive degradation of NIK, leading to NIK accumulation and activation of IKKα. Once activated, IKKα phosphorylates the NF-κB precursor protein p100, which initiates its partial proteasomal processing to generate the p52 NF-κB subunit. p52 then translocates to the nucleus to activate NF-κB target genes. In addition to these post-translational mechanisms, there is mounting evidence showing that NIK expression is regulated at the transcriptional level. Epigenetic events including histone acetylation have recently been reported to govern the expression of NIK in human cancers. 7 Disruption of a closed chromatin structure by HDAC inhibitors has been described to lead to enhanced NIK expression and NF-κB activation. 7 There exist several crosstalks between the canonical and the non-canonical NF-κB pathway. 5 For example, NIK phosphorylates not only IKKα but also IKKβ, thereby activating both the non-canonical and canonical NF-κB pathway. 6 Moreover, NIK has been reported to phosphorylate p65, which enhances its transcriptional activity. 8 In a heat shock model of proteotoxic stress, activation of NF-κB has been shown to be required for the removal of aggregated damaged proteins via the induction of BAG3. 9 We recently showed that simultaneous inhibition of two constitutive PQC pathways, that is, the UPS by Bortezomib and the aggresome-autophagy pathway by the cytoplasmic HDAC6 inhibitor ST80, stimulates BAG3 expression in rhabdomyosarcoma (RMS) cells that survive the cotreatment and are able to regrow after drug removal. 10 BAG3 induction is critically required to mitigate ST80/Bortezomib-triggered proteotoxicity by clearing protein aggregates via selective autophagy. 10 However, little is yet known about the molecular mechanisms that are involved in the regulation of BAG3 expression under conditions of proteotoxicity. Therefore, we investigated the underlying mechanisms responsible for BAG3 induction upon proteotoxic stress in the present study.
Results

ST80/Bortezomib cotreatment induces NF-κB activation.
Recently, we showed that the co-chaperone BAG3 is transcriptionally upregulated in RMS cells that survive concomitant inhibition of the two major constitutive protein degradation pathways, that is, the UPS and the aggresome/ autophagy pathway, by cotreatment with the proteasome inhibitor Bortezomib and the HDAC6 inhibitor ST80. 10 Furthermore, we demonstrated that BAG3 has a pivotal role in mediating cell recovery upon ST80/Bortezomib cotreatment by promoting the clearance of cytotoxic protein aggregates via selective autophagy. 10 Since NF-κB represents a key transcription factor that controls the cellular stress response, 4 we asked whether NF-κB has a role in BAG3 induction upon ST80/Bortezomib cotreatment. To address this question we monitored NF-κB activation in RMS cell lines of both the embryonal and alveolar subtype, that is, RD and RMS13 cells, respectively. To this end, we created RMS cells with stable expression of a green fluorescent protein (GFP)-labeled NF-κB reporter construct and analyzed the kinetics of NF-κB activation. Intriguingly, ST80/Bortezomib cotreatment significantly enhanced NF-κB activity compared with cells treated with either agent alone ( Figure 1a ). Stimulation with the prototypic NF-κB stimulus TNFα was used as the positive control (Supplementary Figure S1 ). Furthermore, ST80/Bortezomib cotreatment significantly increased mRNA levels of IκBα and RelB, two known NF-κB target genes, compared with cells treated with Bortezomib alone (Figure 1b ), confirming that ST80/Bortezomib cotreatment triggers NF-κB activation.
NF-κB is required for ST80/Bortezomib-stimulated upregulation of BAG3. To investigate the question whether NF-κB activation is required for ST80/Bortezomib-stimulated upregulation of BAG3, we overexpressed a dominantnegative phosphomutant of IκBα, that is, IκBα superrepressor (IκBα-SR), which is insensitive to proteasomal degradation upon NF-κB stimulation by TNFα (Figure 2a ). Control experiments confirmed that transcriptional activation of the prototypic NF-κB target gene TNFα was blocked in IκBα-SR cells compared with the empty vector cells (Supplementary Figure S2a ). Interestingly, NF-κB inhibition by IκBα-SR profoundly impaired the induction of BAG3 mRNA as well as protein levels upon ST80/Bortezomib cotreatment (Figures 2b and c ), pointing to a key role of NF-κB in BAG3 upregulation. In parallel, we determined mRNA levels of the co-chaperone BAG1 to test the specificity of NF-κB-mediated upregulation of BAG3 by ST80/Bortezomib (Figure 2b ). In contrast to its effect on BAG3, ST80/Bortezomib cotreatment did not increase BAG1 mRNA expression ( Figure 2b ), underlining that ST80/Bortezomib cotreatment selectively upregulates BAG3 levels.
To confirm the involvement of NF-κB in BAG3 upregulation, we also generated RMS cells with stable knockdown of p65 (shp65) and p100 (shp100), key components of the canonical and non-canonical NF-κB pathway, respectively ( Figure 2d ). As control, we used an RNA sequence with no corresponding counterpart in the human genome ( Figure 2d ). p65 knockdown cells were incapable to upregulate TNFα mRNA levels upon NF-κB stimulation by TNFα ( Supplementary Figure S2b) , demonstrating that NF-κB activation was blocked in these cells. In addition, p65 knockdown cells exhibited reduced p100 protein levels (Figure 2d ), consistent with p100 being a known NF-κB target gene. 11 Importantly, p65 knockdown prevented upregulation of BAG3 mRNA and protein levels after ST80/ Bortezomib treatment compared with control cells ( Figure S2b) , demonstrating that p100 silencing was not able to prevent ST80/Bortezomib-stimulated NF-κB activation. In contrast to BAG3, no differences in BAG1 mRNA levels were detected upon ST80/Bortezomib cotreatment in p65 or p100 knockdown cells (Figure 2e ), confirming the specificity of ST80/Bortezomib-stimulated upregulation of BAG3. Taken together, this set of experiments shows that NF-κB is required for BAG3 induction upon ST80/Bortezomib cotreatment in RMS cells.
ST80/Bortezomib cotreatment upregulates NIK mRNA and protein expression. To explore the mechanisms involved in ST80/Bortezomib-stimulated NF-κB activation, we monitored expression levels and/or phosphorylation status of major components of the canonical and non-canonical NF-κB pathways by western blot analysis. Interestingly, we found that ST80/Bortezomib cotreatment caused marked upregulation of NIK protein levels NIK-dependent induction of BAG3 . We did not find convincing evidence for processing of p100 protein to p52 upon ST80/Bortezomib cotreatment (Figure 3a ), which might be due to inhibition of proteasomal processing of p100 in the presence of Bortezomib.
Since we found that NIK expression is markedly increased by ST80/Bortezomib cotreatment compared with treatment with Bortezomib alone, we next asked whether NIK upregulation is controlled by transcriptional mechanisms. Since transcriptional upregulation of NIK has recently been linked to increased histone H3 acetylation, 7 we analyzed the acetylation status of histone H3. Importantly, treatment with ST80 or ST80/Bortezomib transiently increased acetylation of histone H3 at early time points up to 16 h, in parallel with accumulation of NIK ( Figure 3a ). In contrast, acetylation of α-Tubulin, a known target of HDAC6, remained elevated over an extended period of time in cells exposed to ST80 or ST80/ Bortezomib (Figure 3a ). These findings indicate that ST80 transiently increases acetylation of histone H3, while it causes prolonged acetylation of α-Tubulin.
In order to explore whether the ST80-stimulated acetylation of histone H3 leads to transcriptional upregulation of NIK, we quantified NIK mRNA levels. Notably, ST80/Bortezomib cotreatment significantly increased NIK mRNA levels with peak induction at 6-8 h after cotreatment (Figure 3b ), in line with the kinetics of NIK protein upregulation (Figure 3a) . To further explore the relevance of histone H3 acetylation for 
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IκBα IκBα (Figure 4a and Supplementary Figure S3 ), suggesting that NIK is involved in the activation of the canonical NF-κB pathway. In addition, knockdown of NIK significantly reduced ST80/Bortezomib-stimulated NF-κB transcriptional activation in RMS cells expressing a GFP-labeled NF-κB reporter plasmid compared with cells transfected with control siRNA (Figure 4b ).
Next, we investigated the role of NIK in regulating BAG3 induction by ST80/Bortezomib. Importantly, NIK knockdown abolished the ST80/Bortezomib-triggered upregulation of (Figures 4c and d) , in line with inhibition of NF-κB activation by NIK knockdown (Figures 4a and b) . Additionally, NIK silencing reduced constitutive expression of BAG3 protein in RMS cells (Figure 4d ). In contrast, BAG1 mRNA levels were not affected by NIK silencing confirming the specificity of NIK-mediated upregulation of BAG3 (Figure 4c ). Taken together, these results demonstrate that NIK is a critical mediator of NF-κB activation and subsequent upregulation of BAG3 upon ST80/ Bortezomib treatment.
Lysosomal activity is necessary for ST80/Bortezomibmediated NF-κB activation and BAG3 induction. Since we observed that ST80/Bortezomib cotreatment triggers the degradation of IκBα (Figure 3a) , we next asked how IκBα is degraded when the proteasome is inhibited by Bortezomib.
Since the lysosomal compartment has been implicated in the degradation of key components of the NF-κB signaling pathway, 13 we hypothesized that IκBα degradation occurs via the lysosomal route. To test this hypothesis, we quantified lysosomal activity by Lysotracker Red staining. Of note, ST80/Bortezomib cotreatment significantly increased lysosomal activity compared to either compound alone (Figure 5a ). To explore whether lysosomal degradation is responsible for IκBα degradation and subsequent NF-κB activation following ST80/Bortezomib cotreatment, we monitored NF-κB activation in the presence and absence of Bafilomycin A1 (BafA1), an inhibitor of vacuolar H + ATPases that inhibits lysosomal degradation. 14 Intriguingly, addition of BafA1 attenuated the ST80/Bortezomib-triggered degradation of IκBα protein, whereas it did not block NIK accumulation, phosphorylation of IκBα and p65 or acetylation of histone H3 (Figure 5b ). (Figure 5c and Supplementary Figure S4a) . Importantly, addition of BafA1 prevented the ST80/Bortezomib-stimulated upregulation of BAG3 mRNA and protein levels, whereas it had no effect on BAG1 mRNA levels (Figures 5d and e ). Also, BafA1 blocked the ST80/Bortezomib-stimulated transcriptional induction of other prototypic NF-κB target genes such as IκBα and RelB (Supplementary Figure S4b) , confirming that inhibition of lysosomal degradation by BafA1 blocks the ST80/Bortezomib-mediated transcriptional activation of NF-κB. To investigate whether macroautophagy is responsible for the delivery of IκBα to lysosomes for degradation, we knocked down ATG5 by siRNA. Silencing of ATG5 did not prevent Bort/ ST80-mediated downregulation of IκBα (Supplementary Figure S5 ), suggesting that macroautophagy is not essential for lysosomal degradation of IκBα. Together, this set of experiments indicates that IκBα is degraded via the lysosome upon ST80/Bortezomib cotreatment, which in turn leads to NF-κB transcriptional activation and BAG3 upregulation.
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Discussion
Inducible resistance in response to drug treatment is one of the major limitations in cancer therapy. Recently, we discovered that concomitant inhibition of the two constitutive protein degradation pathways, that is, the UPS by Bortezomib and the aggresome-autophagy system by the HDAC6 inhibitor ST80, stimulates upregulation of the co-chaperone BAG3, which is critical to support the survival and recovery of RMS cells following ST80/Bortezomib treatment by promoting the clearance of protein aggregates through selective autophagy. 10 In the present study, we therefore investigated the underlying molecular mechanisms that are responsible for ST80/Bortezomib-stimulated upregulation of BAG3. Here, we identify NIK as a key player of NF-κB-mediated upregulation of BAG3 upon ST80/Bortezomib cotreatment. We propose a model where ST80/Bortezomib cotreatment increases NIK mRNA and protein levels, which leads to NF-κB activation and transcriptional upregulation of BAG3 ( Figure 6 ). Several lines of evidence support this conclusion. First, ST80-mediated acetylation of histone H3 and Bortezomib-imposed blockage of proteasomal degradation cooperate to increase both mRNA and protein levels of NIK. Second, ST80/Bortezomib cotreatment triggers phosphorylation of p65 and IκBα, degradation of IκBα, NF-κB transcriptional activation and upregulation of NF-κB target genes. Third, genetic silencing of NIK prevents phosphorylation of p65 and IκBα, NF-κB activation and BAG3 induction upon ST80/Bortezomib cotreatment, underscoring the crucial role of NIK in NF-κB-mediated upregulation of BAG3. Fourth, NF-κB inhibition either by overexpression of IκBα-SR or knockdown of p65 abolishes the ST80/ Bortezomib-stimulated upregulation of BAG3.
The novelty of the present study resides in the discovery that NIK is a critical mediator of BAG3 induction by ST80/ Bortezomib. Cotreatment with ST80/Bortezomib triggers the accumulation of NIK mRNA and protein levels. In addition to the proposed mode of action of the HDAC6 inhibitor ST80 to cause sustained acetylation of α-Tubulin as a prototypical substrate of HDAC6, we found in the present study that ST80 also transiently increases histone H3 acetylation. Nevertheless, cotreatment with ST80/Bortezomib is required to substantially upregulate NIK mRNA and protein expression.
Post-translational regulation of NIK protein expression has been extensively studied in recent years, as NIK is a shortlived protein that is subject to constitutive proteasomal degradation. 6 In line with this notion, inhibition of the proteasome has been described to cause accumulation of NIK protein levels. 15 By comparison, little is yet known about transcriptional control of NIK expression. Recently, elevated NIK expression has been linked to increased histone H3 acetylation of NIK promoter in basal-like breast cancer. 7 In addition, treatment with the pan-HDAC inhibitor valproic acid was shown to upregulate NIK expression, suggesting that chromatin opening by histone H3 acetylation promotes NIK transcription. 7 Also, glucocorticoids have been reported to transcriptionally upregulate NIK via a glucocorticoid response element (GRE) motif within the NIK promoter. 16 Of note, NIK has been characterized as a kinase that activates both canonical and non-canonical NF-κB pathways. 6 Besides stimulating p100 processing, which engages non-canonical NF-κB signaling, NIK has been implicated in phosphorylating components of the canonical NF-κB pathway including IκBα and p65. 6, 8 Consistently, we demonstrate that NIK is required for phosphorylation of IκBα and p65 in ST80/Bortezomibcotreated cells, since knockdown of NIK abrogates these phosphorylation events. Induction of NF-κB has previously been shown to be important for cell recovery from heat shock via upregulation of a BAG3-HspB8 complex, which led to removal of aggregated and damaged proteins. 9, 17 Nevertheless, the specific signaling events responsible for NF-κB-mediated transcription of BAG3 have remained elusive. Although the BAG3 promoter harbors a putative NF-κB consensus site, no direct binding of NF-κB to BAG3 promoter region was detected by ChIP assay after heat shock. 17 Our data showing that ST80/Bortezomib-stimulated NF-κB activation occurs early within the first 12-16 h upon drug removal, while BAG3 is upregulated later after 32-36 h, 10 also point to an indirect transcriptional induction of BAG3 by NF-κB. Further, BAG3 has been reported to be transcriptionally regulated by heat shock factor 1 (HSF1), a transcription factor that enhances cancer cell survival under various forms of stress. 18, 19 Thus, additional studies are required to elucidate in detail the signaling events involved in BAG3 induction upon proteotoxicity.
Another interesting finding of our work is that IκBα, a cytoplasmic inhibitor of NF-κB that is usually processed via the proteasome in the course of NF-κB activation, 4 is degraded via the lysosomal compartment upon Bortezomib-imposed inhibition of the proteasome. This conclusion is based on our data showing that impairment of lysosomal acidification by the V-ATPase inhibitor BafA1 prevents ST80/Bortezomib-stimulated IκBα degradation, NF-κB activation and BAG3 upregulation. These data provide an explanation for the apparently paradoxical finding that IκBα is degraded even when its proteasomal degradation is shut down in the presence of the proteasome inhibitor Bortezomib. IκBα has previously been shown to undergo lysosomal degradation under certain conditions. Lee et al. 20 demonstrated that proteasome inhibitors, which block proteasomal degradation of IκBα, induce IκBα degradation via the lysosome in an IKKdependent and IKK-independent manner. In addition, nutrient deprivation was described to trigger lysosomal proteolysis of IκBα through its binding to heat shock protein 73 (hsc73) and lysosomal glycoprotein 96 (Igp96), a lysosomal membrane receptor. 21 Our findings have important implications for a better understanding of resistance mechanisms that allow RMS cells to survive proteotoxic stress. By identifying NIK as a key 
